The destructive resolution of (6aR,S)-glaucine (Ic) was accomplished by oxidation of the (6aS)-(+)-enantiomer (Ia), using Fusarium solani ATCC 12823 to yield the unnatural alkaloid (6aR)-(-)-glaucine (Ib). Eighteen cultures were examined for their ability to metabolize the (6aR)-(-)-enantiomer (Ib), and Aspergillus flavipes ATCC 1030 was found to catalyze the stereoselective oxidation of this substrate to didehydroglaucine. Thus, it has been demonstrated that "R" and "S" organisms exist with regard to the oxidation of aporphines to didehydroaporphines.
The inherent metabolic stereospecificity of microbiological systems lends itself to the destructive resolution of racemic modifications of a wide variety of substrates. For example, Fried et al. (8) described the utilization of stereospecific dehydrogenations by Arthrobacter simplex to resolve a,/l-unsaturated ketonic substrates related to the A-ring of steroids. Pseudomonas putida NRRL B-8061 resolves (+/-)-nicotine by the stereoselective degradation of the L-(-)-isomer to yield the unnatural D-(+)-nicotine (6) . Brevibacterium ammoniagenes ATCC 6872 resolves a variety of racemic acetate esters of allylic alcohols by hydrolysis of the (S)-but not the (R)-acetates (15) . Nakazaki fornulated a quadrant rule for the reduction of bridged cyclic ketones with Curvularia lunata IFO 6288 and Rhodotorula rubra IFO 0889, which predicts the chirality of the recovered ketone as pS, since the pR-ketones are preferentially reduced (14) . Such applications hold a particular advantage when the classical chemical procedures for resolution are tedious and low yielding (6, 14) .
In a previous study (5) , we reported that Fusarium solani ATCC 12823 catalyzes the complete oxidation of the aporphine alkaloid (6aS)-(+)-glaucine (Ia) to didehydroglaucine (II). (In this paper, the International Union of Pure and Applied Chemistry convention of using didehydroglaucine for II is adopted instead of the more common term, dehydroglaucine, and chirality designations [S, R, and R,S] refer to the 6a position.) More recent studies have confirmed the original suggestion that this reaction is stereospecific and quantitative for the (S)-(+)-enantiomer, as (R)-(-)-glaucine (Ib) is not metabolized (P. J. Davis and J. P. Rosazza, Bioorg. Chem., in press). In the current study, the synthetic utility of this microbiological application was demonstrated by the preparative-scale destructive resolution of (6aR,S)-glaucine (Ic) to yield the unnatural enantiomer Ib. (See Fig. 1 for structures.)
A proposal has been put forth that both "R" and "S" organisms exist with regard to the chiral specificity of particular type reactions catalyzed by microorganisms (20) . The more common reactions in this category include prochiral ketone reductions (20) and the hydrolysis of various chiral esters (13, 15) . Thus, in this study, the feasibility of identifying microorganisms capable of metabolizing the unnatural aporphine (R)- Immediately after harvesting, each sample was analyzed for conversion of Ic to II, using the HPLC methodology reported previously (3) and using papaverine as the internal standard.
In an independent experiment, samples were also taken to evaluate the optical enrichment in (R)-(-)-glaucine (Ib) versus time. At 24-h intervals, 5 ml of a randomly chosen sample was taken, homogenized (Polytron; Brinkman), made alkaline with 2 ml of 10% potassium hydroxide solution, and extracted with 3 ml of ethyl acetate in a silylated screw-cap tube. A total of 2 ml of the organic layer was taken to dryness, reconstituted in 0.5 ml of ethyl acetate, and fractionated on a 15-g neutral alumina column (18 by 1.2 cm) eluted with ethyl acetate at a flow rate of 1.25 ml/min, and 4-ml fractions were collected. Fractions determined by TLC to contain pure glaucine were combined, taken to dryness, and adjusted to 2.0 ml in absolute ethanol for determination of the optical rotation. A total of 100,ul of this solution was diluted to 10.0 ml with absolute ethanol for ultraviolet determination of concentration, using Amax 280 nm (e =
The incubation was terminated after 96 h. The contents of all flasks were combined, fully homogenized (Polytron; Brinkman), and adjusted to pH 12 with a 10% potassium hydroxide solution. The homogenate was exhaustively extracted with diethyl ether in a continuous liquid-liquid extraction apparatus, and the organic solvent was changed every 8 h (4 x 700 ml of diethyl ether, total). The combined ethereal extracts were washed once with 200 ml of distilled water, dried over anhydrous sodium sulfate, and taken to dryness in vacuo to yield 4.44 g of a light-brown residue. The residue was fractionated on a 600-g neutral alumina column (Brockman; activity grade 1, 80 to 200 mesh), 20 by 6 cm, eluted with ethyl acetate at a flow rate of 2 ml/min, and 6-ml fractions were collected. Fractions of pure glaucine (as determined by TLC) were combined and taken to dryness in vacuo to yield 700 mg of (R)-(-)-glaucine (Ib; 90% theoretical), [ added to the second flask, and no substrate was added to the third flask (to serve as a control for TLC and HPLC analyses). Samples of 2 ml were aseptically harvested at 24, 96, and 120 h and analyzed by HPLC as described previously (3) . Results were quantitatively expressed as residual substrate and didehydroglaucine (II) produced. Qualitative analyses were conducted by alkalinizing homogenized 1-ml culture samples taken at the same time intervals with 10% potassium hydroxide solution, extracting with 2 ml of ethyl acetate, and spotting 10 pl of the organic extract on TLC plates. Plates were then subjected to elution and detection as described above.
Time course of (R)-(-)-glaucine metabolism by A. flavipe8 ATCC 1030. Three 125-ml firstestage cultures of A. flavipes were grown under the fermentation conditions described above for 72 h. All cultures were combined to insure homogeneity, and a 2-ml portion was used to inoculate each of six 125-ml second-stage cultures. After incubation for an additional RESULTS AND DISCUSSION Aporphines represent a pharmacologically and chemically interesting class of alkaloids. With a given aporphine, the exclusive occurrence of one particular stereoisomer is usually observed in nature (17) . The profound biological activity of many members of this class has recently enhanced interest in the potential activity of the "unnatural" stereoisomers of these agents as pharmacological tools, drug substances, or synthetic intermediates (4, 10) . Unfortunately, obtaining such compounds usually requires de novo synthesis or tedious methods of physical resolution or both. The use of microorganisms for destructive resolution of racemates offers an alternative method, often yielding the unnatural isomer in high yield and high optical purity, as has been demonstrated with other classes of natural products (6, 8) . The need for (R)-(-)-glaucine (lb) for further microbiological studies, coupled with the experience of repeated fractional crystallizations to obtain this enantiomer (Davis and Rosazza, in press), prompted the examination of a microbiological destructive resolution.
Previous studies have demonstrated the chiral specificity of F. solani ATCC 12823 for (S)-(+)-glaucine oxidation (Ia) (5; Davis and Rosazza, in press). In analytical-scale experiments, this substrate was quantitatively oxidized to didehydroglaucine (II) with no activity towards Ib. Further, racemic glaucine (Ic) was metabolized to the expected extent of 50%, presumably due to the stereospecific metabolism of Ia. This served as the precedent for the preparative-scale resolution.
The time course for the resolution of 1.5 g of (R,S)-glaucine (Ic) by F. solani was monitored 500 . at 24-h intervals by HPLC and by the change in optical activity (Fig. 2) . After 96 h, the conversion ceased with half the substrate consumed, and the increased (negative) optical activity leveled at 102°(the difference in the value of 1020 obtained, as opposed to the theoretical value of 1140, was probably due to the low levels of recovered glaucine used in these determinations). The glaucine recovered by exhaustive extraction of the culture and separation from didehydroglaucine (II) represented a 90% theoretical yield. It is customary to report optical purity at this stage, since crystallization may yield further optical enrichment by fractional crystallization. The glaucine thus isolated represented a 96% enantiomeric excess in (R)-(-)-glaucine (Ib). Crystallization of the bitartrate salt yielded optically pure (R)-(-)-glaucine-(+)-bitartrate in good yield (50% theoretical). This result compares favorably with the classical fractional crystallization (Davis and Rosazza, in press) and is considerably less tedious.
As a consequence of the early work of Prelog (16) and MacLeod et al. (11) , it may be suggested that organisms can often be classified as R or S, depending on the chiral specificity with a given type reaction on a restricted group of substrates. For example, Sih and co-workers (18, 19) have described microbial systems for the stereoselective reduction of 2-substituted cyclopentane-1,3,4-triones as prostaglandin precursors. Thus, Mucor rammanianus demonstrates reduction of the 4-ketone to give the optically pure (4S)-alcohol, whereas Dipodascus uninucleatus yields the corresponding (4R)-alcohol. Other examples exist as well (12; C. J. Sih, U.S. patent 3,868,306, 15 May 1975 [Chem. Abstr. 82: P153745q]). Our observation that F. solani is capable of the stereospecific oxidation of (S)-(+)-glaucine prompted the inquiry as to whether other cultures might be found which demonstrate the reverse enantiospecificity. Eighteen cultures were selected for evaluation in this regard, based principally on literature reports that they are capable of oxidizing steroids, either by dehydrogenation at the 1,2-position or dehydrogenation of 3-hydroxysteroids, to give the 3-keto-derivatives (1). These type reactions were selected based on the assumption that the oxidation of aporphine substrates is catalyzed by steroidal dehydrogenases.
During routine screening, HPLC and TLC were used to quantitatively and qualitatively determine the course of (S)-(+)-and (R)-(-)-glaucine (Ia and Ib) oxidation to didehydroglaucine (II) with each culture. As The time course study of (R)-(-)-glaucine (Ib) metabolism with A. flavipes is illustrated in Fig. 3 . No conversion occurred for the first 2 to 3 days and was followed by a rapid, quantitative oxidation of Ib, which was complete after 6 days. This is in contrast to the relatively rapid transformation of Ia observed with F. solani (Davis and Rosazza, in press). A roughly parallel production of didehydroglaucine (II) occurred, although the production of other minor metabolites was also detected by HPLC and TLC. Whereas the quantitative oxidation of lb by A. flavipes has been repeated in several independent experiments, the amount of II (versus the other unidentified products) has been observed to be highly variable. This does not detract from the stereospecificity exhibited by this organism, since the (S)-(+)-enantiomer Ia was not metabolized to any extent under the same conditions (data not shown).
These studies have clearly demonstrated the synthetic utility of microbiological processes in the resolution of aporphine substrates. In the case of F. solani, the chiral specificity of the reaction yields the unnatural (R)-(-)-enantiomer (Ib). In this regard, the discovery that A. flavipes metabolizes only Ib is important, since several medicinally important aporphines are of the R-configuration (2, 4) ; hence, a convenient microbial resolution to obtain the corresponding (S)-aporphine is feasible. Further, with regard to this particular type reaction (oxidation of aporphines to didehydroaporphines), we have now demonstrated that both R and S organisms exist, in analogy to other synthetically useful reactions. We are evaluating the scope and specificity of metabolism by these cultures, using a variety of related substrates of chemical and medicinal interest. LITERATURE CTrED
